Abstract. We develop and implement the groundwater model, Saturated/Unsaturated Flow and Transport in 3D (SUFT3D), to integrate water quantity/quality data and simulations with models of other hydrologic cycle components, namely, rivers and the ocean. This work was done as part of the Sea Air Land Modeling Operational Network (SALMON) project supported by the IBM International Foundation through its Environmental Research Program. The first research steps, presented here, address the simulation of typical hydrologic conditions to demonstrate SUFT3D's effectiveness and accuracy. The theory behind the modeling of seawater intrusion and groundwater-river interaction is summarized along with the numerical methods and characteristics of SUFT3D. The code was applied to different, increasingly complex scenarios: confined to unconfined conditions, local to regional scale, homogeneous to increasing heterogeneity, two-to three-dimensional. Of particular interest were the impacts of different boundary conditions and influence of river interactions on seawater intrusion. Results are illustrated, discussed, and compared, when possible, to those in the literature. Simulating groundwater exchange between both the river and the ocean has provided interesting results that better depict the dynamics of flow and transport in coastal zone groundwater systems.
Introduction
Different models can be developed to simulate water flow and quality at large scales in both time and space. Each part of the hydrological cycle, i.e., ocean, surface water, groundwater, and atmosphere, is simulated using models adapted to each particular component. Usually, each model is designed for only one part of the water cycle, and interactions with other parts are taken into account by using prescribed input/output flux at the boundaries. This is commonly considered as satisfactory so that groundwater, river, and ocean models are usually connected only by these prescribed boundary conditions. However, the actual water and contaminant fluxes between the models should be simulated more realistically without prescribing any flux. Integrated water quantity and quality problems in coastal zones were investigated as part of the Sea Air Land Modeling Operational Network (SALMON) project supported by the IBM International Foundation. This research focuses on introducing natural "junctions" between the different models to adequately compute exchange flux. As of 1995, three models (ocean [Beckers, 1991] , river [Smitz et al., 1997] , and groundwater [Dassargues, 1994] ) had been developed in different departments of the University of Liege. Now, these are being connected to form an integrated model, able to describe water and contaminant flux over the entire system at regional scales, including input from marine, river, groundwater, and atmospheric hydrologic cycle components.
Connecting the different models is done through a specific interface, called a junction, designed to manage data exchange •Also at Hydrogeologie, Afdeling Historische Geologie, Departement Geografie-Geologie, Katholieke Universiteit Leuven, Leuven, Belgium.
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0043-1397/99/1999WR900127509.00 between models. On the basis of different numerical methods, these models each have independent time and space discretization. The data exchange must be organized by the junction using various time and space interpolations schemes. These developments are introduced taking advantage of distributed memory parallel architecture (an IBM Risc/6000 Scaleable Powerparallel (SP2) system), and the Parallel Virtual Machine (PVM) software is used for the data exchange management between the tasks running on the different processors. Details on the data exchange organization via the junction are given by Dassargues et al. [1996] .
For groundwater the first research step was to develop the Saturated Unsaturated Flow and Transport in 3D (SUFT3D) groundwater model and to check its effectiveness and accuracy to reproduce typical situations of seawater intrusion and then groundwater-river interactions influenced by seawater intrusion. Results of these tests with interactions involving only groundwater are documented below.
2.
Interactions With the Ocean Model:
Theoretical Background
In coastal zones, salt water greatly influences groundwater flow and quality. This well-documented effect, seawater intrusion, is caused by the density difference between salt and fresh water. Groundwater quality degradation is extensive in many coastal aquifers as the result of contamination by salt water where an "upconing" phenomenon is induced near large-scale pumping wells.
For more than 20 years, many authors have studied how to develop groundwater numerical codes to simulate seawater intrusion problems. Two very different conceptual models have been developed: (1) no mixing zone, a sharp interface between salt and fresh water, (2) a transition or mixing zone, a gradient between salt and fresh water. Galeati 
Numerical Approach and SUFT3D Background
The GWM code, SUFT3D, was developed at the Laboratoires WATSOLV uses an iterative solving method preconditioned using an incomplete lower-upper factorization. WATSOLV's advantages are (1) its effective sparse storage scheme, (2) the used incomplete factorization method avoiding inverting the entire coefficient matrix, and (3) the iterative process being accelerated using one of two algorithms designed for nonsym- Tests were made to check the effectiveness and accuracy of SUFT3D with the latest implementations needed for the SALMON project. They concern principally the resolution of the flow-transport coupled problem in typical situations of seawater intrusion and addition of groundwater-river interaction effects. Konikow et al. [1996] reported that for this type of complex coupled problem it was not possible to develop an analytical solution, typically the best means of comparison for evaluating numerical model accuracy. Consequently, SUFT3D was tested on different literature cases, for example, those of Henry [1964] and Huyakorn et al. [1987] . Gradually, more complex situations were modeled to prepare the work as it fit the SALMON project scope. 5.1.3. Large-scale heterogeneous aquifer: Case 3. Case 3 is the same domain as case 2 but includes a less permeable horizontal layer (aquitard) separating two aquifers. As the contrast in hydraulic conductivity increases between the aquifer and aquitard, the groundwater flow and transport behavior in the upper unconfined and lower confined aquifers become more independent. Thus unconfined and confined conditions are studied in the same domain. Data, parameters, and boundary conditions are in Figure 6 and Table 2 Figure 7 ). This is because piezometric heads do not decrease as sharply as in the unconfined aquifer. The hydraulic conductivity ratio between the semipervious layer and the aquifers is not small enough to completely prevent interaction between the two aquifers. Consequently, saltwater intrusion in the unconfined aquifer is influenced by the lower aquifer.
Exchanges With the Ocean

Henry's [1964] is a classical test used to check a code's ability to accurately solve the coupled problem of density-driven flow and transport. Dassargues [1994] published comparisons between computed results from SUFT3D and other results for this classical test. A good agreement between the different
Exchange With Both the Ocean and River
The effectiveness of the river boundary condition in the GWM was also checked. Two cases were previously tested: (1) an alluvial aquifer drained by rivers, including simulation of Table 3 . Lateral domain boundaries were made impervious because the effects of river draining the aquifer are assumed negligible at that distance and, consequently, groundwater flow would be parallel to those boundaries. The other boundary conditions are similar to case 2 (Figure 4) . No flux is imposed on the upgradient (left) boundary (2 km inland) because the aquifer is supposed to be in piezometric equilibrium with the river (which has a low gradient). Under these conditions the only water flux from the aquifer to the draining river can be considered orthogonal to the river and thus parallel to the upgradient boundary.
Results of SUFT3D flow and transport computations are in Plates 1 and 2, respectively. The river drains the aquifer, and consequently, the isopiezometric surfaces (in equivalent freshwater head) are approximately vertical and parallel to the river direction where the ocean is too far away to have an influence on groundwater flow. Approaching the ocean, the isopiezometric surfaces become progressively more horizontal and parallel to the coastline due to the saltwater density effect. Near the river, the localized decrease in piezometric head induced by river drainage increases saltwater intrusion under the river and at the river mouth. Vertically, the computed isochlor C = 0.5 is 500 m inland under the river and 100 m inland further from the river (Plate 2). Saltwater intrusion under the river is limited due to fresh groundwater flowing laterally toward the river, draining the aquifer. 5.2.2. Aquifer recharged by a river: Case 5. The same mesh is used as in case 4. Simulations were performed with lower vertical infiltration and the river recharging the aquifer with fresh water. Data, parameters, and boundary conditions are in Table 4 . The lateral boundary conditions had to be chosen differently from case 4 (impervious boundaries) because water coming into the domain may also leave through the lateral boundaries. Farther from the river, the aquifer is now assumed to be totally filled with seawater. Thus piezometric heads that take into account the density effect are assigned to lateral boundaries. For transport, a relative concentration of 1 was assigned from the bottom at -100 m to -60 m. Neumann boundary conditions were assigned to the upper part of lateral boundaries. In this manner, fresh water coming from the recharge and mixing with the salty groundwater can flow out of the domain through the upper part. As in case 4, no flux is imposed at the upgradient (left) boundary (2 km inland) because a low gradient is assumed in the recharging river. In this case, the water flux from the river into the aquifer is mainly orthogonal to the river so that it is parallel to the upgradient domain boundary.
The 
Conclusions
In the first stage of the SALMON project, different tests have allowed us to check the groundwater model's ability to be connected to both the ocean and river models. The tests were done with increasingly complex hydraulic and transport conditions approaching realistic situations: confined and unconfined aquifers, local and regional domains, homogeneous and heterogeneous aquifers, influence of river interaction on seawater intrusion, steady and transient cases. Not all results could be compared with analytical solutions or published numerical results. However, where they could, the effectiveness and the reliability of the SUFT3D code were demonstrated. Other tests provided results that seemed logical given the physics of the new problems being evaluated. Results of our innovative tests simulating groundwater exchange with both the river and ocean are particularly useful in understanding the flowtransport dynamics in groundwater systems of the coastal We have now shown how SUFT3D was prepared to solve practical problems including interaction with both the ocean and the river. As a part of the SALMON project, the groundwater model SUFT3D has been connected to the ocean and river models through junctions described by Ghiot et al. [1998] .
